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Oxalate ions and calcium oxalate crystals stimulate MCP-1 ex- Human urine is generally metastable with respect to
pression by renal epithelial cells. calcium oxalate (CaOx) and under suitable conditions can
Background. Crystals of calcium oxalate monohydrate (COM) promote nucleation of CaOx crystals [1]. Once formed, aand excess oxalate ions (OX) stimulate an array of responses in-
crystal can be retained in the kidneys either by growingducing localized injury and inflammation in the kidneys. These
and aggregating with other crystals to form a mass largeinflammatory responses are key regulators of development of
nephrolithiasis. We propose that monocyte chemoattractant enough to impede their movement, or by adhering to
protein-1 (MCP-1), a chemokine with potent chemotactic activ- the tubular epithelium [2]. Otherwise, it would be swept
ity for monocytes/macrophages, is a mediator of local inflam- out of the nephron in the flowing fluid within a few min-matory responses to COM and OX-induced injury. To test this
utes [3]. Thus, crystal growth, aggregation, and retentionhypothesis, the effects of COM and OX on the expression of
MCP-1 mRNA and protein by NRK52E rat renal tubular cells are significant events in the development of kidney
were investigated. stones. How do the crystals, which are formed and re-
Methods. Confluent cultures of NRK52E cells were exposed tained in the tubules, produce stone nidi? Since stones
to COM (33 to 267 g/cm2) or OX (125 to 1000 mol/L, esti-
are generally present on renal papillary surfaces, re-mated free oxalate levels of 65.8 to 540 mol/L) and catalase
tained crystals must migrate from inside the tubules to(400 or 2000 U/mL), a free radical scavenger that protects the
cells against detrimental effects of COM and OX, for 1 to 48 papillary surfaces. Data obtained from animal model
hours under serum free conditions. The conditioned media were studies have demonstrated that crystals are first seen in
collected and total cellular RNA isolated from the cells and the tubular lumens and days later in the renal intersti-subjected to enzyme-linked immunosorbent assay (ELISA)
tium [4]. We have demonstrated that exposure to moder-and semiquantitative polymerase chain reaction (PCR) to deter-
ately high levels of oxalate (OX) and/or calcium oxalatemine the expression of MCP-1 protein and mRNA, respectively.
Results. NRK52E cells express MCP-1 mRNA and protein, (CaOx) crystals result in renal epithelial cell injury [5].
and the level of their expression significantly increases follow- We hypothesized that the inflammation following the
ing treatments with COM and OX in a time and concentration
crystal-induced injury plays a significant role in thedependent manner. MCP-1 mRNA expression and protein pro-
pathogenesis of nephrolithiasis [6–8]. However, the mo-duction increased more significantly after exposure to COM than
to OX. These responses were significantly reduced following lecular mechanism and mediators of this inflammatory
treatments with catalase (2000 U/mL). response in the interstitium are not known.
Conclusions. NRK52E cells express MCP-1 mRNA and pro- Various chemotactic factors and adhesion moleculestein, and their levels are altered following COM and OX expo-
play key roles in inflammatory reaction at various sitessure. Since catalase treatment reduced MCP-1 expression, free
throughout the body including the kidney [9]. Amongradicals may be involved in the up-regulation of MCP-1 produc-
tion by the epithelial cells. The results suggest that elevated the chemotactic factors are cytokines and chemokines,
expression of MCP-1, which is often associated with local in- which are primarily expressed by inflammatory and im-
flammatory response, may mediate similar reactions including
mune cells arriving at the site of inflammation. Thereattraction of macrophages seen around the interstitial crystals
are four defined chemokine subfamilies based on theirduring the early stages of nephrolithiasis.
primary structure: CXC, CC, C and CX3C [10]. Members
of the CC chemokine subfamily, such as monocyte che-
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coupled receptors with seven transmembrane domains. ditioned media were collected and total cellular RNA was
isolated from the treated and untreated controls.Most chemokines can be produced by a wide variety
of cell types either after proper stimulation with pro-
Experiment with free radical scavengersinflammatory cytokines or by direct stimulation with bac-
teria and their endotoxins [12]. They exert their effect To evaluate the protective effect of free radical scaven-
on one or more target cell populations in an autocrine/ gers, cells were exposed to COM or OX following pre-
paracrine manner. treatment with catalase (400 U/mL or 2000 U/mL; Sigma,
Renal tubular cells have been shown to express various St. Louis, MO, USA) for 24 hours. After catalase treat-
cytokines and other mediators of inflammatory response ment, the culture medium was removed and replaced
[9]. These cells, following contact with CaOx crystals with medium containing catalase and COM or OX for
or hyperoxaluria, also may produce elevated levels of 6 or 24 hours.
cytokines and chemokines that result in the attraction
Semiquantitative PCRand accumulation of infiltrating inflammatory cells at the
site of injury. One such chemokine is the MCP-1. The To determine MCP-1 mRNA expression in NRK52E,
present study was undertaken to determine whether re- total cellular RNA was isolated from treated and un-
nal epithelial cells in culture express MCP-1 and if the treated cells using TRIZOL Reagent (Gibco BRL, Grand
level of its expression is altered under the stress of COM Island, NY, USA) and subjected to semiquantitative re-
crystals or OX ions. Since peroxidative injury to the verse transcriptase-polymerase chain reaction (RT-PCR).
epithelial cells is one of the major causes of OX toxicity Two micrograms of total RNA were reverse transcribed
[13–15], and free radicals are known to stimulate chemi- in a reaction mixture containing 3 L of 100 mmol/L
cal mediators of inflammation including MCP-1, we fur- MgCl, 1.25 L of RNase inhibitor, 5 L of 10  PCR
ther examined whether free radical scavenger, catalase, buffer, 10 L of 10 mmol/L dNTP mix, 1.3 L of Oligo
can inhibit MCP-1 synthesis by renal epithelial cells ex- d(T), 1.5 L of reverse transcriptase (Gibco). PCR was
posed to OX or CaOx crystals. carried in a reaction mixture consisting of 1 L of RT
product, 5 L of 10  PCR reaction buffer, 1 L of
10 mmol/L dNTP mix, 4 L of 25 mmol/L MgCl, 2.5 U of
METHODS
recombinant Taq DNA polymerase and 1.5 L of each of
Cell culture the 5 and 3 primers (10 mol/L) of rat glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and rat MCP-1.A normal rat kidney epithelial-derived cell line,
NRK52E, was obtained from American Type Culture The primers designed from the published cDNA sequence
(GenBank, Accession number; rat MCP-1: AF058786, ratCollection (CRL-1571; Manassas, VA, USA). The cells
were maintained as monolayers in 75 cm2 Falcon T-flask GAPDH: U75401) were as follows: MCP-1 sense 5-GT
TGTTCACAGTTGCTGCCT-3 (105–124), MCP-1 anti-(Fisher, Atlanta, GA, USA) in Dulbecco’s modified es-
sential medium (DMEM) nutrient mixture and F-12 sense 5-CTCTGTCATACTGGTCACTTCTAC-3 (493–
516), GAPDH sense 5-GCAAGTTCAACGGCACAG(DMEM/F-12 at 1:1 ratio; Gibco BRL, Grand Island, NY)
supplemented with 4% fetal calf serum (FCS), 15 mmol/L TCAAGGCTG-3 (180–206), GAPDH antisense 5-GC
CCAGGATGCCCTTTAGTGGGCCCTC-3 (823–849).HEPES, 20 mmol/L sodium bicarbonate, 0.5 mmol/L
sodium pyruvate, 17.5 mmol/L glucose, streptomycin and After confirming the number of PCR cycles at the expo-
nential phase of amplification, MCP-1 and GAPDH werepenicillin at 37C in a 5% CO2 air atmosphere. The
media was changed every two to three days. Under these co-amplified for 30 cycles at 94C for 45 seconds, anneal-
ing at 55C for 45 seconds, followed by extension at 72Cconditions, the cells reached confluence within two
days. The cells were seeded at 1  106/25 cm2 Falcon for 45 seconds.
Five microliters of each PCR product were electro-T-flask and when they reached 90% confluence, they
were washed with serum- and sodium pyruvate-free me- phoresed on a 2% agarose gel, and 100 bp DNA ladder
(Gibco BRL) was used as the molecular weight marker.dia and exposed for 1, 3, 6, 12, 24 and 48 hours to CaOx
monohydrate (COM) crystals (generously provided by The images of ethidium bromide stained bands were
captured using Kodak 290 CD camera (Eastman Kodak,Dr. Y. Nakagawa, University of Chicago) at 125 g/mL
(33.3 g/cm2) to 1000 g/mL (266.7 g/cm2) or OX ions Rochester, NY, USA) and stored as a tiff file for further
analysis. The PCR band intensity was analyzed usingas potassium oxalate at a final concentration of 125, 250,
500, or 1000 mol/L OX (corresponding to free OX Kodak’s Electrophoresis Documentation and Analysis
System 120, and quantitative densitometry (NIH Scionlevels of 65.8, 132.0, 266.2, 540 mol/L, respectively) pre-
pared in serum- and sodium pyruvate-free media. The Imaging). The final band intensity for MCP-1 was ex-
pressed relative to GAPDH. Data are presented ascomputer program EQUIL was used to determine free
oxalate levels [16]. Following incubation, the cultured con- mean  SD for four separate experiments.
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Fig. 1. Representative semiquantitative RT-PCR of the total RNA
Fig. 2. Representative semiquantitative RT-PCR of the total RNAisolated from NRK52E treated with 33, 67, 133, or 267 g/cm2 of COM
isolated from NRK52E treated with 133 g/cm2 of COM for one to 48for six hours, demonstrating the predicted 412 bp fragment of MCP-1
hours, demonstrating the predicted 412 bp fragment of MCP-1 (lower(lower bands) and 670 bp fragment of GAPDH (upper bands). The
bands) and 670 bp fragment of GAPDH (upper bands). The bar graphbar graph shows the MCP-1:GAPDH ratio presented as mean  SD
shows the MCP-1:GAPDH ratio presented as mean  SD from fourfrom four separate experiments; *P  0.05 vs. control.
separate experiments; *P  0.05 vs. control.
Enzyme linked-immunosorbent assay RESULTS
The content of MCP-1 in the cultured conditioned Detection of MCP-1 mRNA transcripts in
media was determined using rat specific enzyme-linked NRK52E cells
immunosorbent assay (ELISA) kit (ENDOGENE, Wo-
Semiquantitative RT-PCR showed that NRK52 E cellsburn, MA, USA) according to the manufacturer’s in-
expressed MCP-1 mRNA. The level of MCP-1 mRNAstructions. The kit is a solid phase sandwich ELISA using
expression was significantly increased following treat-
two kinds of highly specific antibodies. Both antibodies
ment of NRK 52E with COM crystals in a dose [125
are monoclonal mouse IgG and are different clones. The
g/mL (33.3 g/cm2) to 1000 g/mL (266.7 g/cm2)] and
capture antibody is precoated on the plate while the time (1 to 48 hours) dependent manner (Figs. 1 and 2).
second antibody is horseradish peroxidase (HRP) conju- MCP-1 mRNA level increased significantly after treat-
gated. Prior to ELISA the total protein content of the ment with COM at 133 g/cm2 or higher for 1 to 24
cultured media from treated and untreated groups were hours. Peak expression occurred at six hours (sixfold
determined using BCA Protein Assay Kit (Pierce, Rock- higher than control), stayed significantly high for 24
ford, IL, USA). The experiment was repeated four times. hours, and then declined to near normal levels within
Data are presented as mean  SD. 48 hours. Values of COM lower than 133 g/cm2 did not
have a significant effect on MCP-1 mRNA expression.Lactate dehydrogenase
The treatments with 133 g/cm2 or 267 g/cm2 COM
Since catalase appeared to prevent membrane peroxi- produced similar results.
dation, we further determined whether or not catalase Exposure to OX ions also stimulated the expression
could prevent lactate dehydrogenase (LDH) release on of MCP-1 mRNA (Figs. 3 and 4) with a peak value
COM or OX exposure. The 24-hour incubated culture occurring after six hours of exposure at 500 mol/L.
media from the control and experimental wells were However, the MCP-1 peak level induced by OX was
recovered and centrifuged to remove crystals and cel- lower compared to COM crystal-induced expression.
lular debris. LDH activity from the media at all time Catalase at 2000 U/mL significantly reduced the ex-
periods was determined with a commercial kit (Proteins pression of MCP-1 by the cells exposed to OX or COM
International, Inc., Rochester Hills, MI, USA) by a mi- crystals (Fig. 5) without having any significant effect at
crotiter assay method. All determinations were com- a lower (400 U/mL) concentration.
pared against appropriate regent blanks. Oxalate did not
Production of MCP-1 by NRK52E cellsinterfere with the LDH assay.
The NRK 52E cells also produced MCP-1 protein.
Statistical analysis There was a significant up-regulation of MCP-1 protein
The unpaired t test was used for comparison between production when NRK 52E cells were exposed to OX
two means. P values less than 0.05 were considered to or COM for 6 to 48 hours (Figs. 6 and 7). The amount
of MCP-1 protein released into the culture media inshow statistically significant differences.
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Fig. 3. Representative semiquantitative RT-PCR of the total RNA
isolated from NRK52E treated with 133 g/cm2 of OX for one to 48 Fig. 5. Expression of MCP-1 mRNA relative to GAPDH by RT-PCR
hours, demonstrating the predicted 412 bp fragment of MCP-1 (lower in NRK52E exposed to OX or COM with our without catalase. The
bands) and 670 bp fragment of GAPDH (upper bands). The bar graph results are from four separate experiments. Data are mean  SD.
shows the MCP-1:GAPDH ratio presented as mean  SD from four NRK52E were exposed to OX 500 mol/L or COM 133 mol/L for 6
separate experiments; *P  0.05 vs. control. hours. The bar graph shows the MCP-1:GAPDH ratio presented as
mean  SD from four separate experiments; *P  0.05 vs. control.
Fig. 6. Dose-dependent effect of COM on MCP-1 production released
into the culture media of NRK52E cells after 24 hours of exposure.Fig. 4. Representative semiquantitative RT-PCR of the total RNA
The data are mean  SD of four experiments performed in duplicates;isolated from NRK52E treated with OX at 125, 250, 500 or 1,000 g/
*P  0.05.cm2 of OX for six hours, demonstrating the predicted 412 bp fragment
of MCP-1 (lower bands) and 670 bp fragment of GAPDH (upper
bands). The bar graph shows the MCP-1:GAPDH ratio presented as
mean  SD from four separate experiments; *P  0.05 vs. control.
or COM crystals (Fig. 9). However, the lower concentra-
tion of catalase (400 U/mL) did not have a significant
effect on the MCP-1.response to COM exposure was higher compared to cells
exposed to OX alone (Fig. 8). All concentrations of Lactate dehydrogenase release
COM crystals stimulated the cells to produce signifi-
A significant release of LDH was observed following
cantly higher amounts of MCP-1. However, 500 mol/L exposure of NRK52E cells to COM and OX. The peak
or more OX were needed to induce a similar response. level of LDH release after COM exposure was higher
There were no significant differences in the amounts of than OX exposure (Fig. 10). LDH release was signifi-
total proteins in the media from control (12 hours, 280  cantly inhibited by catalase.
16.2 g/mL; 24 hours, 381  26.5 g/mL; 36 hours, 610
31.5 g/mL), COM treated (12 hours, 263  19.6 g/mL;
DISCUSSION24 hours, 370  31.5 g/mL; 36 hours, 570 49.7 g/mL)
and OX treated cells (12 hours, 289  15.3 g/mL; 24 This study provides evidence that NRK52E cells ex-
hours, 385  29.6 g/mL; 36 hours, 573  38.9 g/mL). press MCP-1 mRNA and protein, and that exposure of
Catalase at 2000 U/mL significantly reduced the pro- these cells to COM crystals and OX ions resulted in a
significant alteration of this expression. These findingsduction of MCP-1 protein by the cells exposed to OX
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Fig. 7. Dose-dependent effect of OX on MCP-1 production released
into the culture media of NRK52E cells after 24 hours of exposure. Fig. 9. Effect of COM 133 g/cm2, OX 500 mol/L, or their combina-
The data are mean  SD of four experiments performed in duplicates; tion with catalase (400 or 2000 U/mL) on MCP-1 production released
*P  0.05. into the culture media of NRK52E cells after 24 hours of incubation.
The data are mean  SD of four experiments performed in duplicates;
*P  0.05 vs. control.
Fig. 8. Time-dependent production of MCP-1 released into the culture
media of NRK52E cells exposed to OX 500 mol/L () or COM
133 g/cm2 ( ) compared with untreated control (). The data are
Fig. 10. Percent of lactate dehydrogenase (LDH) release with OX ormean  SD of four experiments performed in duplicates; *P  0.05
COM. NRK52E cells were exposed to OX 500 mol/L or COM 133 g/vs. control.
cm2 for 24 hours. The data are mean  SD of four experiments per-
formed in duplicates; *P  0.05 vs. control.
are significant because MCP-1 is considered to be a key
regulator of the inflammatory response, which itself is a (ITI) and related proteins [7], prothrombin (PT) [20],
key element in various pathological abnormalities associ- and heparan sulfate (HS) [21].
ated with renal epithelial cells, including nephrolithiasis. To our knowledge the involvement of chemokines
Investigations of experimentally-induced CaOx nephro- such as MCP-1 has not been investigated in CaOx neph-
lithiasis in animal models have shown that the crystal rolithiasis. In support of our in vitro cell culture studies,
deposition results in renal epithelial injury [4, 5, 8, 14, tissue culture experiments in which renal epithelial cells
15], cellular apoptosis and migration of inflammatory of LLC-PK1 and MDCK lines were exposed to oxalate
cells such as monocytes, macrophages and polymorpho- ions and/or CaOx crystals resulted in similar injurious
nuclear leukocytes into the adjacent interstitium [8]. effects [13, 15, 22]. Exposure of non-transformed mon-
MCP-1 has been shown to act as a major chemotactic key kidney epithelial cells (BSC-1) and MDCK cells to
factor for recruitment and migration of inflammatory CaOx crystals and/or OX ions also has been reported to
cells particularly monocytes/macrophages into the in- increase expression of OPN [23] and bikunin [24], a
flamed area following tissue injury [9]. Macrophages and member of ITI family of proteins. CaOx monohydrate
giant cells often surround these crystals [17, 18]. Crystal crystals also increase the expression of other genes in
deposition in the kidneys also has been associated with renal epithelial cells. When monolayer cultures of BSC-1
increases in the expression of Tamm-Horsfall protein were exposed to COM crystals there was an increased
expression of diverse but specific genes, c-myc, c-jun,(THP) [19], osteopontin (OPN) [19], inter--inhibitor
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EGR-1, Nur-77, PAI-1, PDGF-A and CTGF, represent- plasma proteinase inhibitor, are found associated with
inflammation [40, 41] and tumorigenesis [42], and stabi-ing transcriptional activators, regulators of extracellular
matrix and growth factors [25]. lize the extracellular matrix. Acute inflammatory condi-
tions are known to up- or down-regulate transcriptionMonocyte chemoattractant protein-1 is a member of
the CC chemokine subfamily that acts as a chemotactic of ITI genes.
Tamm-Horsfall protein has been detected in the renalfactor for monocytes and other leukocyte subsets, and
thus elicits an inflammatory and immune reaction. Leu- interstitium in several forms of tubulointerstitial dis-
eases, and intrarenal administration of THP has beenkocytes (neutrophils, monocytes, and lymphocytes) in-
filtrate the kidneys during a variety of inflammatory dis- shown to produce interstitial inflammation and scarring,
can activate alternate pathways, interact with neutrophilseases, mediating renal injury and subsequent sclerosis
induced by such pathologies. Other chemotactic factors and bind to a number of cytokines [43–45]. Prothrombin
is the precursor of thrombin and fragments 1 and 2.are produced by renal cells and are found in the kidney
and urine during inflammation. A diverse population of Thrombin is involved in platelet aggregation and blood
coagulation and plays a major role in the recruitmentrenal cells including human proximal tubules, renal corti-
cal epithelial cells, interstitial fibroblasts and glomerular and activation of infiltrating immune cells [46]. Heparan
sulfate, a constituent of glomerular and tubular basementendothelial cells express various cytokines and chemo-
kines such as interleukin (IL)-10, MCP-1, IP-10 and membrane also has been suggested to demonstrate anti-
inflammatory and antiproliferative properties [47].RANTES. Obstructed rat kidneys show increased ex-
pression of mRNA of RANTES, macrophage inflamma- Free radicals and products of lipid peroxidation are
known chemical mediators of inflammation and havetory protein-1 and MCP-1 [26]. Production of MCP-1 by
renal proximal tubular epithelial cells is up-regulated been shown to stimulate the production of certain che-
mokines including MCP-1. MCP-1 mRNA expressionin various types of glomerular disease [27]. Similarly,
glomerular endothelial cells produce MCP-1 during glo- was increased in mouse mesangial cells in the presence
of superoxide ions [48]. Presence of or pretreatment withmerulonephritis [28]. Results of various studies have
shown that approximately 70 to 80% of monocyte che- an antioxidant blocks the MCP-1 synthesis. A combina-
tion of xanthine/xanthine oxidase stimulated monocytesmotactic activity produced by cultured human mesangial
cells [29], renal cortical epithelial cells [30], proximal to produce increased amounts of MCP-1 [49]. The effect
was attenuated by pretreatment with catalase. Pretreat-tubular epithelial cells [27], and bovine glomerular endo-
thelial cells [28] is accounted for by MCP-1. MCP-1 has ment of rat vascular smooth muscle cells with catalase
suppressed angiotensin II-induced MCP-1 mRNA accu-been found in cortical tubular cells in association with
interstitial mononuclear infiltration associated with ex- mulation [50].
Both animal model and tissue culture studies haveperimental obstruction [31]. Stretching of endothelial
cells also can induce MCP-1 production [32]. demonstrated that nephrotoxicity of oxalate and CaOx
crystals is related to the production of free radicals andMonocyte chemoattractant protein-1 levels are ele-
vated in the urine of patients with many glomerulo- lipid peroxidation. In one such study, production of free
radicals by LLC-PK1 cells exposed to oxalate was blockednephropathies [33] and correlate with glomerular injury
and glomerular monocyte. However, there was no corre- by the free radical scavengers, catalase or superoxide dis-
mutase (SOD) [13]. In another study, LLC-PK1 andlation with serum MCP-1 levels. Transplant patients with
rejection who did not respond to steroids, had elevated MDCK cells were exposed to OX or OX and COM
combined crystals for 120 and 240 minutes. Oxalate ex-MCP-1 in their urine, while those who responded showed
a decline in urinary MCP-1 [34]. Patients with active posure of both cell types resulted in a significant increase
in LDH release and cellular MDA contents, which in-lupus nephritis showed higher urinary levels of MCP-1
than controls or patients with the inactive disease [35]. creased further when CaOx crystals were added. MDA
contents and LDH release were significantly reducedIt is interesting to point out that many of the crystalli-
zation modulators whose production by renal epithelial when the free radical scavengers, catalase and SOD,
were added to the culture [15]. Experimentally inducedcells is up-regulated by exposure to oxalate and CaOx
crystals also are participants in the inflammatory and hyperoxaluria and CaOx nephrolithiasis in rats was asso-
ciated with an increase in renal MDA contents and uri-repair processes. OPN is a specific monocyte chemoat-
tractant for renal interstitium and its production is in- nary excretion of LDH and MDA [14]. Administration
of the antioxidant, vitamin E, significantly diminishedcreased prior to monocyte infiltration [36–38]. Studies
of OPN knockout mice demonstrated reduced influx of the effects (unpublished results).
Previously, we proposed that CaOx kidney stone for-macrophages into obstructed kidneys compared to wild-
type mice at days 4 and 7, but not on day 14, suggesting mation is an inflammatory process [6–8], and the devel-
opment of stones involves renal reaction to injury inthat OPN mediates early interstitial macrophage influx
[39]. Various ITI-related proteins including bikunin, the the presence of hyperoxaluria [51]. In response to the
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